from a generalized fl oral ancestry. However, Mediterranean orchids are chemically preadapted to exploit bee pheromones, due to the waxy hydrocarbons that cover their tissues and prevent desiccation. Recent studies on Ophrys orchids have identifi ed desaturase enzymes that add double bonds of the appropriate position and orientation to effectively mimic female bee pheromones. Sexually deceptive Serapias orchids and irises have evolved in parallel, with increased ratios of these alkenes, from an ancestral condition of male bee pollination through shelter pollination, whereas a reduction of alkenes accompanies reversion from sexual deception to shelter mimicry in Ophrys helenae [3] .
Another clear message emerging from Johnson and Schiestl's analysis is that our understanding of deceptive pollination remains constrained by our poor knowledge of niche diversity across the insect world, from solitary bees to the many families of parasitic wasps and fl ies whose chemical languages may be exploited by fl owers. The authors contrast the many ways to be a carrion fl ower, in which fl ower size, temperature, ratio of sulfi des to indole, and hairiness all may determine which species of fl y or beetle might mistake such a fl ower for a dead animal at its appropriate stage of decomposition. They review recent studies of the chamber trap fl owers (Aristolochia and Ceropegia) pollinated by kleptoparasitic chloropid and milichiid fl ies, respectively, which they attract and imprison with volatiles that mimic the scent of dead insects, niches that could hardly be imagined by botanists without the telltale chemical analyses and bioassays.
It is also likely that many more examples remain undiscovered, such as the 800 species of Lepanthes orchids and 100 species of Dracula orchids that likely exploit male and female fungus fl ies and gnats as pollinators in the cloud forests of South America, through sexual or brood-site deception [7] .
Floral Mimicry concludes by exploring special cases (Chapter 7), such as how to distinguish between Müllerian mimicry and pollination syndromes, and the need to consider community context across the full spectrum of fl oral deception. If the book has a shortcoming it is this point -there is not enough discussion of the potential roles played by symbionts, herbivores, larcenists or seed predators in the evolution of fl oral mimicry. In fairness, this is a criticism shared by the entire fi eld, and the authors do identify future directions (Chapter 8) 
X-ray micro computedtomography

Emily Baird and Gavin Taylor
X-ray what? X-ray micro computedtomography (also known as microtomography or micro-CT) is a technique that produces high resolution (micron to sub-micron) image stacks that can be used to generate digital threedimensional models of samples. It uses the principles of computed tomography (CT), which is also used by CT scanners in hospitals to examine the organs and bones of patients. The difference is that, by using fi nely focused x-ray sources and microscope optics, microtomography allows us to see micron to sub-micron three-dimensional details in samples as small as a pin-head.
In micro-tomography, x-rayselectromagnetic radiation with wavelengths between 0.01 and 1 nmpass from a source, through a sample, to a detector ( Figure 1 ). Before reaching the detector, the x-ray projection (essentially, the sample's shadow) is usually converted to visible light using a phosphor scintillator, which can then be passed through microscope optics to magnify detail. The detector, which is similar to the sensor in a digital camera, then produces a two-dimensional image of the sample's interactions with the x-rays. Three-dimensional detail in the sample can be reconstructed by taking a series of these projection images as the sample is rotated by at least 180° and combining them using complicated geometrical calculations (that are thankfully integrated into most systems) to form an 'image stack' that represents virtual layers through a digital threedimensional volume of the sample.
How is it possible to see structures in my sample? Detail in the sample can be seen because of the ways that x-rays interact with different materials. The interaction that is most readily observed is absorption. The x-ray absorption of a material increases with the atomic number of the elements it contains as well as with its density, making it easy
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R290 Current Biology 27, R283-R293, April 24, 2017 to distinguish different structures if they vary in their elemental composition or density. This means that, by using the right optics, even tiny structures such as the air-fi lled trachea within the muscles of a fl y's thorax can be easily distinguished from the surrounding muscle fi bres.
The speed at which x-rays move through a sample is also affected by the properties of the material it contains, resulting in relative shifts in the phase of the electromagnetic waves. This has the effect of enhancing the contrast at the border between two materials and greatly improves the ability to distinguish structures in the three-dimensional volume. The strength of this edgeenhancement effect increases with the distance between the sample and the detector, and is adjusted by varying their relative positions. Contrast between structures can be further enhanced by combining information from scans performed at two different distances from the detector in a process known as phase-retrieval. Information about how the phase of the x-rays was 'shifted' as they passed through the sample can then be reconstructed independently from absorption information. This approach is extremely powerful because it can be used to distinguish structures of similar density, such as nuclei in the brain, that would otherwise not be possible to differentiate from an absorption image. This 'phase-retrieval' technique can only be performed if the waves of light in an x-ray beam are highly coherent (in-phase with one another), something which is currently best achieved at synchrotron light sources.
What can I do with microtomography? Biologists began using micro-tomography to image bones and teeth, as mineralized structures naturally provide strong absorption contrast compared to surrounding soft tissues.
More recently, micro-tomography has been used to scan samples containing only soft tissue, such as the heart or lungs of mice or the muscles of insects. This is extremely challenging because the materials of interest have a similar elemental composition, making it diffi cult to differentiate between them in reconstructed volumes, even when phase-retrieval is used. This problem can be solved by applying contrast agents (such as heavy metals) to the sample to increase the absorption of tissues; this approach is common for medical CT scans and is similar to the concept of staining used in microscopy.
Because micro-tomography is nondestructive, a sample may be imaged many times at different resolutions and magnifi cations. This is useful because it means that it is possible to make lowresolution overview scans that can then be used to identify regions of interest, which may not be externally visible, for analysis at higher magnifi cation and resolution. In addition, such scans may be used to identify structures for further analysis using complementary techniques, such as transmission electron microscopy, that can provide nanometre resolutions of thin sample sections.
The non-destructive nature of microtomography also allows for the analysis of dynamic structures, such as living biological material, where changes can be analysed over time or in different states. This 'four-dimensional' imaging has been utilized with great success by researchers investigating the progression of lung disease models in mice over periods of weeks. It is important to note that only low resolution scans can be performed on live animals because x-rays have a destructive effect on biological material. Increased resolution requires longer scans that increase the radiation dose to harmful levels. Scans showing sub-micron details are typically fatal and are therefore ideally performed on preserved specimens.
Where can I scan my samples?
There are two types of devices that can be used to perform micro-tomographic scans, each based around a different x-ray source. Laboratory tomographs, which are commercially available from companies that specialise in x-ray microscopy, typically integrate an x-ray tube, sample rotation stage, imaging Current Biology 27, R283-R293, April 24, 2017 R291 device and reconstruction computer into a single machine. The x-ray tube produces a polychromatic cone-shaped beam that enlarges the projection of a sample as the waves travel through it to the detector. This means that magnifi cation can be easily adjusted by changing the relative distance between these components. Laboratory tomographs can image mm to cm sized samples in a process that is typically completed in several hours. Micro-tomography can also be performed in a specialised imaging beamline at a synchrotron light source. Here, the brighter x-ray beam allows samples to be imaged rapidly, particularly when high magnifi cation is required. The parallel beam of coherent x-rays also enables phase-retrieval techniques to be used (as discussed above). X-rays of a single wavelength can often be used to image samples, which minimises artefacts in dense samples and further improves contrast. The imaging equipment and the rotation stage upon which the sample is placed are located in a large radiation-proof 'hutch' which provides space to place other equipment for use in dynamic experiments.
The choice of where microtomography imaging is performed is often dictated by experimental requirements, such as the type of resolution and contrast needed, as well as the method for accessing the device. A laboratory tomograph is an expensive item of infrastructure that institutions may charge researchers to access, whereas time at a micro-tomography beamline for academic studies is often free, but awarded based on a competitive application process.
So, I scanned my sample, now what?
Then it's time to buy some hard-drives! Micro-tomographic scanning can quickly generate terabytes of raw data, although thankfully cropping, compression and analysis can help to reduce the digital size of the data volumes substantially.
Once you have the data storage under control, you will most likely want to look at your data. You can do this by loading your image stack into specialised threedimensional analysis software (which can be compared at: www.idoimaging. com) on a high-performance computer (computers optimised for gaming are particularly good for this). This will allow you to view a virtual section of your sample, that is, a two-dimensional image that can be moved and rotated through the scanned volume to explore its details. Volume rendering is another useful tool for visualizing the contents of a volume in three-dimensions, and is based on assigning colours and transparency to voxels (equivalent to a three-dimensional pixel) depending on their intensity value. It can be used to quickly display specifi c features while removing others if their intensities differ, like viewing bones within an animal while making the surrounding air and soft tissue partially transparent.
While both virtual sections and volume rendering can be used to provide qualitative descriptions, and to make linear and two-dimensional measurements of the features in a sample, the true potential of microtomography is realized when the voxels of specifi c features within an image are labelled. Labelling (also called segmenting) can be performed with specialized software; automatic thresholding can be used to label regions if there is high contrast between adjacent sample regions, such as bone next to muscle, while lower contrast borders require increased user interaction to obtain reliable segmentation results.
After labelling is complete, the volume or area of three-dimensional surfaces and the connectivity between structures can be measured. Recent approaches have also used segmented microtomography data to perform geometric morphometric analysis to quantify the three-dimensional variation in shape between fl ower species. Further, labelled voxels or surfaces can be used to provide the input for simulations to measure the functional properties -be they optical, mechanical, dynamical, fl uidic, or acoustic -of the sample in ways that may not be possible experimentally. Hypotheses of form versus function can even be tested by digitally altering the shape of the labelled structure and comparing its simulated performance to the original.
Where to from here? The use of micro-tomography for imaging biological samples is in its relative infancy, as are the technologies for producing and analysing the data it generates. As access to tomography facilities becomes easier and as processing algorithms are developed to improve the speed and quality of data analysis, the potential for micro-tomography to facilitate ground-breaking discoveries concerning the form and function of microscopic structures increases. It is now up to scientists to start exploring the full potential of this exciting technique.
Where can I fi nd out more?
